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ARTICLE INFO ABSTRACT

Keywords: In radiotherapy, metallic nanoparticles are of high interest in the fight against cancer for their
Fe304@Au nanoparticle radiosensitizing effects. This study aimed to evaluate the ability of core-shell Fe304@Au nano-
Radiotherapy

particles to potentiate the irradiation effects on redox-, pro-inflammatory markers, and cell death
Oxidative stress of A549 human pulmonary cancer cells. The hybrid Fe304@Au nanoparticles were synthesized
Pro-inflammatory response using green chemistry principles by the sonochemistry method. Their characterization by trans-
Cell death mission electron microscopy demonstrated an average size of 8 nm and a homogeneous distri-
bution of gold. The decreased hydrodynamic size of these hybrid nanoparticles compared to
magnetite (Fe304) nanoparticles showed that gold coating significantly reduced the aggregation
of Fe304 particles. The internalization and accumulation of the Fe3O04@Au nanoparticles within
the cells were demonstrated by Prussian Blue staining. The reactive oxygen species (ROS) levels
measured by the fluorescent probe DCFH-DA were up-regulated, as well as mRNA expression of
SOD, catalase, GPx antioxidant enzymes, redox-dependent transcription factor Nrf2, and ROS-
producing enzymes (Nox2 and Nox4), quantified by RT-qPCR. Furthermore, irradiation
coupled with Fe304@Au nanoparticles increased the expression of canonical pro-inflammatory
cytokines and chemokines (TNF-a, IL-1f, IL-6, CXCL8, and CCL5) assessed by RT-qPCR and
ELISA. Hybrid nanoparticles did not potentiate the increased DNA damage detected by immu-
nofluorescence following the irradiation. Nevertheless, FesO4@Au caused cellular damage,
leading to apoptosis through activation of caspase 3/7, secondary necrosis quantified by LDH
release, and cell growth arrest evaluated by clonogenic-like assay. This study demonstrated the
potential of Fe304@Au nanoparticles to potentiate the radiosensitivity of cancerous cells.

Lung cancer

1. Background

Cancer, known as a major burden of disease worldwide, with nearly 10 million deaths in 2020, is one of the greatest public health
challenges [1]. Importantly, the global market for cancer therapies reached US$196 billion in 2023 and is expected to reach US$375
billion by 2027 [2]. The increase in the market size of cancer therapies demonstrates the need and interest to develop new therapies
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and/or improve existing ones to control tumors. Furthermore, it has been reported that without significant efforts to improve global
cancer control, mortality by cancer could reach up to 12.9 million/year by 2030 [3]. Many treatments have been developed to reduce
cancer deaths and improve patient lives. Among these therapies, radiotherapy preconized for more than 50 % of patients, is a major
and effective approach for killing or controlling tumors. Ionizing radiation used in radiotherapy can cause direct damage to DNA
molecules, leading to cell cycle arrest and decreased proliferation. By indirect effects, ionizing radiation promotes cell necrosis and
apoptosis by increasing reactive oxygen species (ROS) production through water radiolysis and endogenous oxidative stress [4-6].
Radiotherapy also promotes a pro-inflammatory response through the release of pro-inflammatory cytokines [7,8]. The oxidative
stress associated with the pro-inflammatory response will engage apoptosis/necrosis pathways [5,6,9].

However, radiotherapy also involves limitations comprising radio-induced toxicities on healthy surrounding tissues and an in-
crease in the risk of developing radio-induced cancer following an exposition to a high dose of radiation [10,11]. Moreover, radio-
therapy remains limited for tumors difficult to target or those requiring high doses of radiation, such as radioresistant cancers, which
often leads to decreased therapeutic outcomes and cancer reoccurrence [12,13].

Noticeably, the delivered dose by radiotherapy is directly related to the nature of the crossed tissue. In the case of non-small cell
lung cancer (NSCLC), the current clinical treatment planning tools are limited by the heterogeneity of lungs for the delivered dose
calculation due to the air in the alveoli and the low density of surrounding tissue [14,15]. However, studies have reported an
enhancement of overall survival associated with increased delivered doses in NSCLC. The main challenge in radiotherapy concerns the
balance between eradicating tumor cells and sparing normal tissue. In this context, improving the radiotherapy protocols represents a
real challenge.

Interestingly, new therapeutic tools, namely radiosensitizers, potentiate the deleterious effects of radiation without elevating the
delivered doses and the associated toxicities [16,17].

These radiosensitizers are considered to complete existing approaches allowing better targeting of tumor tissues and more localized
and consolidated damage. They could exhibit attractive therapeutic advantages in acquired/intrinsic radioresistant cancers involving
heterogeneous tissues, such as NSCLC, by reducing toxicity risks in normal tissues while maintaining the tumoricidal effect. As such,
metallic nanoparticles coupled to irradiation present a high radiosensitizing potential depending on the cellular type studied [18]. The
nanometric size (1-100 nm) of metallic nanoparticles increases the permeability and retention rate of the tumoral cells, allowing their
accumulation in tumor cells [19]. The ionizing radiation will interact with high-atomic number (Z) atoms in the nanoparticles,
generating secondary photoelectrons promoting additional ROS production [9,20]. Thus, metallic nanoparticles based on gold (Au),
silver, or iron amplify the therapeutic potential of irradiation on redox homeostasis, mitochondria functions, cell cycle, and cell
proliferation. Thus, nanoparticles promote autophagy, apoptosis, or tumor cell necrosis, prolonging tumor-bearing mice’s median
survival time [9,20,21].

AuNPs are attracting considerable interest as a therapeutic or medical imaging agent for magnetic resonance imaging, due to their
unique physicochemical properties and biocompatibility [22,23]. Additionally, several novel and highly efficient contrast agents based
on Fe304 nanoparticles were recently reported but Fe3O4 nanoparticles also present disadvantages related to their poor stability and
high toxicity for cells [24,25].

Thus, synthesizing nanoparticles of Fe304 embedded into gold shells appears strategic due to FesO4 superparamagnetism and the
gold’s optical properties. Moreover, gold shell helps ensure the components’ stability of Fe3O4 by reducing toxicity, excessive ag-
gregation, as well as acid and oxidative degradation [3,26-28].

The use of nanotechnologies in medical research is highly promising. However, clinical translation is still complicated due to the
lack of data concerning nanomaterials’ interactions with biological entities and a lack of correlation between in vitro and in vivo studies.
Furthermore, the large-scale production of nanomaterials for commercialization remains technically difficult, expansive and associ-
ated with high ecotoxicological risks [29,30].

In this context, the present study aims to evaluate the potential of Fe304@Au nanoparticles to amplify the effect of ionizing ra-
diation (high energy 6 megavoltage photon beam) applied in clinical radiotherapy on pulmonary carcinoma A549 in vitro. Several
redox, pro-inflammatory markers, and cell death were evaluated. This core-shell nanoparticle associates Fe304 atoms with gold atoms
to combine their radio-sensitizing effects while limiting toxicity risks. The hybrid nanoparticles studied in the present work were
synthesized using green chemistry principles, consistently with environmental concerns about nanomaterial large-scale production.

Main studies published on the radio-sensitizing effect of metallic nanoparticles combined with ionizing radiation involve low-
energy external beam X-rays (kilovoltage). It seems crucial to evaluate the cellular impact of nanoparticles combined with radio-
therapy using the energy of treatment currently applied during a clinical radiotherapy routine.

Moreover, this work will help to increase understanding of the biological effect of metallic nanoparticles coupled to ionizing ra-
diation, such as the inflammatory response and redox modulation, particularly in the case of cancers implicating heterogeneous tissues
such as NSCLC.

2. Methods
2.1. Synthesis of FesO4@Au nanoparticles

Concerning the process of nanoparticle synthesis, they were produced according to the patent FR2200483 established by « Morel
Anne-Laure, Ben Haddada Maroua, Nikitenko Serguei, Chave Tony, 2022, synthese assistée par ultrasons de nanoparticules constituées

d’un cceur ferrique recouvert d’or». Firstly, the synthesis of Fe3O4 nanoparticles was performed according to the method previously
described by Morel et al. [31] by substituting hydrazine and ammonia with a sonochemical approach to follow the principles of green
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chemistry.

In the second step of the synthesis, a 0.05 M solution of r-cysteine (L-cys) was prepared by dissolving L-cystein hydrochloride
hydrate (HSCH2 CH(NH2)CO2H - xHCl - xH20) in pure water. An ultrasonic reactor dispersed a mass of 50 mg of Fe304 nanoparticles
in 40 mL of water for 10 min. Then, 5 mL of L-cys was added to the suspension under continuous ultrasonic treatment for 5 min. Then,
the suspension was stirred mechanically for 65 h. After establishing sorption equilibrium, the particles were washed several times with
distilled water, and the particles were separated after each wash with a permanent magnet. Finally, in the third step of depositing the
gold shell on the Fe304-L-cys nanoparticles, 50 mg of Fe304-L-cys nanoparticles suspended in water were mixed with 40 mL of water
and treated with ultrasound for 10 min. Then, this suspension was placed in the reactor with the mechanical stirrer, and every 15 min,
0.5 mL of HAuCl, solution (0.5 g L™!) was added under stirring up. After 2h15min of stirring, the suspension was removed from the
reactor and washed twice with pure water.

2.2. Characterization of Fes04@Au nanoparticles

The TEM images were realized with a Philips CM120 electron microscope (120 keV) equipped with a USC1000 SSCCD 2k x 2k
Gatan camera. The hydrodynamic diameter of nanoparticles was obtained using the dynamic light scattering technique with a Malvern
Zetasizer Nano ZS device.

2.3. Cell culture

The human lung carcinoma cells, namely A549 Dual reporter systems (NFkB and IRF) (Invivogen), are adherent epithelial cells
derived from the human A549 lung carcinoma cell line. The doubling time of A549 Dual cells used was ~30h. Cells were cultured in
Minimum Essential Medium (Pan biotech) supplemented with 10 % heat-inactivated fetal bovine serum (FBS, Gibco), 0.1 mg/mL
penicillin-streptomycin (Pan biotech), 2 mM 1-glutamine (Biochrom AG) and 0.5 pg/mL amphotericin B (Pan biotech).

2.4. Irradiation procedure on cells

For the irradiation experimentations, A549 Dual cells were pre-exposed to Fe3O4@Au nanoparticles for 2h before irradiation. Then,
cells were irradiated with 6 megavoltage (MV) X-rays at a dose rate of 600 cGy/min with Truebeam® linear accelerator (Varian
Medical Systems). Irradiations were performed at 100 cm focus to surface distance using a 15 cm x 15 cm field size at 5 cm depth with
water-equivalent material. Six centimeters of water-equivalent back-scatter material was placed under the dishes containing cells, and
the linear accelerator gantry was turned to an angle of 0°. Our study used different absorbed doses ranging from 0 to 8 Gy when
appropriate.

2.5. Cell viability measurement

Human A549 Dual cells were seeded on a 96-well plate (10,000 cells/well) and allowed to grow for 24h at 37 °C/5 % CO». Then,
cells were treated with increasing concentrations of Fe304@Au nanoparticles (ranging from 10 to 500 pg/mL) for 24-72h. Concerning
the experimentations with the irradiation step, cells were exposed to 50 or 100 pg/mL Fe3O4@Au nanoparticles and irradiated with 6
MV X-rays at a dose of 6 Gy. Then, cellular viability tests were realized. Mitochondrial metabolic activity was assessed by MTT assay.
Absorbance was measured using a spectrophotometer (Cytation 5 cell imaging multimode microplate, Biotech, Gen5 software) at
550-670 nm. Concerning cell counting, cells were counted using the trypan blue exclusion method.

2.6. Prussian blue assay

To evaluate the nanoparticles uptake by cells, A549 Dual cells were cultured on a 6-well plate (240,000 cells/well) and allowed to
adhere overnight at 37 °C/5 % CO, before adding 50 or 100 pg/mL nanoparticles FesO4@Au for 2 or 24h. The cells were stained using
the Prussian blue method, according to Khoei et al. [32]. The Prussian blue staining was observed and captured under light microscopy
(Nikon microscope).

2.7. Measurement of survival fractions, dose enhancement factor, and mean inactivation dose

The proliferative capacity of cells following an exposition to nanoparticles combined with irradiation was evaluated by measuring
the survival fraction of irradiated cells. Human A459 Dual cells were seeded in 6-well plates (180,000 cells/well) for 48h. Then, cells
were exposed to 50 pg/mL or 100 pg/mL FesO4@Au nanoparticles and irradiated with 6 MV X-rays at different irradiation doses (0, 2,
4, 6, and 8 Gy). Cells were allowed to grow for 7 cell-division cycles, and media were replaced every 2 days. Next, cells were counted
using the Trypan blue exclusion method. Surviving fractions (SF) were calculated and normalized against non-irradiated corre-
sponding control.

The dose enhancement factor (DEF) was determined using equation (1) and according to Tabatabaie et al. [33]:

DEF = Dcontrol (x/Dnp (x) )


https://pubmed.ncbi.nlm.nih.gov/?term=Tabatabaie%20F%5BAuthor%5D
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Dcontrol (x): The dose required to decrease in X% the viability of the cells not exposed to nanoparticles.

Dnp (x): The dose required to decrease in X% the viability of the cells exposed to nanoparticles.

The area under the cell survival curve corresponding to the mean inactivation dose (MID) was determined by the Graph-Pad Prism
8 program.

2.8. Caspase-3/7 activity

Caspase-3/7 activity in cells exposed to nanoparticles FesO4@Au coupled to irradiation was determined using a Caspase-Glo assay
kit (caspase-Glo® 3/7 Assays Systems, Promega). The Luminescence of each sample was read on a spectrophotometer (Cytation 5 cell
imaging multimode microplate, Biotech, Gen5 software).

2.9. Cytotoxicity assay

Cytotoxicity was evaluated by measuring lactate dehydrogenase release (LDH) from damaged cells using a colorimetric-based kit
(CytoTox 96 Non-Radioactive Cytotoxicity Assay, Promega). Cells were cultured in a 96-well plate (15,000 cells/well) for 24h, exposed
to 100 pg/mL Fe3O4@Au nanoparticles, and irradiated as previously described with 6 MV X-rays at 6 Gy. Culture media were collected,
and cells were lysed following the manufacturer’s instructions. The absorbance was read at 490 nm on a spectrophotometer (Cytation
5 cell imaging multimode microplate, Biotech, Gen5 software). Cytotoxicity was expressed as a percent of cytotoxicity determined by
the following formula (2):

% cytotoxicity = (Experimental LDH release / maximum LDH release) x 100 2)

Control refers to LDH release from untreated cells.

Double-strand DNA break staining:

Double-strand DNA breaks were quantified on A549 Dual cells exposed to nanoparticles Fe3O4@Au combined with irradiation
using Gamma H2A X Staining Kit (Abcam). Fluorescent analysis was performed using the Nikon Eclipse E2000-U microscope (Nikon),
and images were obtained using the Hamamatsu ORCA-ER camera and the imaging software NIS-Element AR (Nikon).

2.10. Quantification of intracellular ROS levels

The intracellular ROS levels were quantified by measuring the oxidation of the fluorogenic probe 2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) [34]. Cells were seeded in 96-well black plates (15,000 cells/well) for 48h and exposed to 100 pg/mL FesO4@Au
nanoparticles. Plates were irradiated with 6 MV X-rays at 2 or 6 Gy doses. Then, DCF fluorescence was measured using an automated
microplate reader (Cytation 5 cell imaging multimode microplate, Biotech, Gen5 software) at an excitation wavelength of 485 nm and
an emission wavelength of 530 nm.

2.11. RT-qPCR analysis

Human A549 Dual cells were cultured in 6-well plates (240,000 cells/well) for 24h. Then, cells were exposed to 100 pg/mL
Fe304@Au nanoparticles before being irradiated with 6 MV X-rays at a dose of 6 Gy and kept for 72 h post-irradiation before RNA
extraction. Total RNA was isolated using Quick-RNA™ Viral Kit (Zymo research). The RT-qPCR was realized using the kit from Bioline
with SYBR green and was carried out in QuantStudio 5 PCR thermocycler (Thermo Fisher Scientific) following a reverse transcription.
The mean gene expression was reported to the GAPDH housekeeping reference gene. Moreover, absolute values were normalized

Table 1

Primers used for RT-qPCR analyses.
Target gene Forward Reverse Detection
Gapdh TGCGTCGCCAGCCGAG AGTTAAAAGCAGCCCTGGTG Sybergreen
Nrf2 GCTATGGAGACACACTACTTGG CCAGGACTTCAGGCAATTCT Sybergreen
Nox2 GAGTTGTCACGCTGTGC GCCCACGTACAATTCGTTCAG Sybergreen
Nox4 TCGCCAACGAAGGGGTTAAA GACACAATCTAGCCCCAACA Sybergreen
SOD1 GTGAAGGTGTGGAGCAT AAGTCTCCAACATGCCTCTCTT Sybergreen
SOD2 CGTTGGCCAAGGGAGATGT GTCACGTTTGATGGCTTCCAG Sybergreen
Catalase GAATGCCCGCACCTGAGTAA GTGCATGCAGGACAATCAGG Sybergreen
GPx CAACGTGGCCAGCTACTGAG ACCTGGTCGGACATACTTGAGG Sybergreen
IL-6 TACAGGGAGAGGGAGCGATAA TGGACCGAAGGCGCTTGT Sybergreen
CXCL8 CAGAGACAGCAGAGCACACA GGCAAAACTGCACCTTCACA Sybergreen
CCL2 CTGCTCATAGCAGCCACCTT CTTGAAGATCACAGCTTCTTTGGG Sybergreen
CCL5 TCCTCATTGCTACTGCCCTC TCGGGTGACAAAGACGACTG Sybergreen
Caspase 3 TGGAACCAAAGATCATACATGGAA TTCCCTGAGGTTTGCTGCAT Sybergreen

CCL2 and 5: Chemokine ligand 2 and 5; CXCL8: Chemokine (C-X-C motif) ligand 8; Gapdh: Glyceraldehyde-3-phosphate dehydrogenase; GPx:
Glutathione peroxidase; IL-6: Interleukine-6; Nox 2 and 4: Nicotinamide adenine dinucleotide phosphate oxidase 2 and 4; Nrf2: Nuclear factor
(erythroid-derived-2)-like 2; SOD 1 and 2: Superoxide dismutase Cu/Zn (1) and Mn (2).
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according to the total cell number assessed by cell counting. All the primer sequences are listed in <b>Table 1</b>.
2.12. Measurements of cytokine secretion

Human A549 Dual cells were cultured in 6-well plates (240,000 cells/well) for 24h. Then, cells were exposed to 100 pg/mL
Fes04@Au nanoparticles for 2h before being irradiated with 6 MV X-rays at a dose of 6 Gy and kept for 72h post-irradiation in the
incubator. Cell culture media were collected and analyzed using a human ELISA kit to quantify the release of TNF-a, IL-1f, IL-6, CXCLS8,
CCL2, and CCL5 (Peprotech) according to the manufacturer’s instructions. The absorbance was measured using a spectrophotometer at
450-570 nm (Cytation 5 cell imaging multimode microplate, Biotech, Gen5 software). Absolute values were normalized according to
the total cell number assessed by cell counting.

2.13. Statistical analysis

Results were expressed as means + standard error mean (SEM) of at least three independent cellular passages. One-way analysis of
variance (ANOVA) followed by Sidak, Turkey, or Dunnett tests when appropriate were assessed. Comparison between experimental
groups was performed using the GraphPad Prism 8 program (GraphPad Software, Inc.). A p-value < 0.05 was considered statistically
significant.

3. Results
3.1. Characterization of Fes04,@Au nanoparticles

The physical properties of Fe304@Au nanoparticles were determined using transmission electron microscopy (TEM) and the hy-
drodynamic size with dynamic light scattering (DLS) technique. The HRTEM image reveals monodisperse magnetite nanoparticles
with an average size of 9 + 2 nm for Fe304 nanoparticles and an average size of 8 + 1 nm for Fe304@Au nanoparticles which is quite
similar to the size of bare Fe3O4 nanoparticles (Fig. 1A-B and Table 2). Moreover, the STEM/EDX study showed a homogeneous
distribution of gold, assuming a core-shell morphology of the obtained material. The hydrodynamic size measured with the DLS
technique was 1895 + 138 nm, indicating strong aggregation of bare magnetite nanoparticles. However, a substantial decrease in the
hydrodynamic size of the core-shell type Fe3O4-L-cys@Au particles compared to the bare Fe3O4 nanoparticles was observed, indicating
that the gold coating significantly decreased the aggregation of Fe304 nanoparticles.

3.2. Effect of FesO4@Au nanoparticles on A549 cell viability

To determine the dose and time-effect of Fe304@Au nanoparticles alone on A549 Dual cell viability, the mitochondrial metabolic
activity of cells and mortality by cell counting were quantified. Results reported a significant decrease in mitochondrial metabolic
activity of cells exposed to Fe304@Au nanoparticles at 500 pg/mL after 24, 48, and 72h of exposure (Fig. 2A). Of note, cells exposed to
200 pg/mL FesO4@Au nanoparticles were affected from 48h of exposure (Fig. 2B-C). The same results were observed by cell counting
for Fe304@Au nanoparticles at 500 pg/mL (Fig. 2D-E), and a cytotoxic effect of Fe304@Au nanoparticles at 200 pg/mL from 72h of

Fig. 1. Characterization of Fe304@Au nanoparticles compared to Fe304 nanoparticles. (A) High-resolution TEM images of Fe3O4 nanoparticles (10
nm scale) and (B) Fe304-L-cys@Au nanoparticles (20 nm scale) were obtained.
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Table 2

Size of Fe304 and Fe304@Au nanoparticles.
Nanoparticles Hydrodynamic diameter measured by DLS (nm) Particle Size obtained by HRTEM (nm)
Fe304 1895 + 138 9+2
Fe304-L-cys@Au 291 + 40%** 8+1

DLS: Dynamic light scattering; HRTEM: High-resolution transmission electron microscopy. Data indicated as mean + SEM of three independent

experiments. ***: p < 0.001 as compared to Fe3O,4 nanoparticles.
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Fig. 2. Effect of different concentrations of Fe304@Au nanoparticles (NP) on A549 Dual cell viability at different times of exposure. (A) Mito-
chondrial metabolic activity of cells was measured by MTT assay after 24h, (B) 48h, and (C) 72h of exposure. (D) Cell counting was assessed by
trypan blue exclusion method after 24h, (E) 48h, or (F) 72h of exposure. Data indicated as mean + SEM of three independent experiments. *: p <
0.05; **: p < 0.01 and ****: p < 0.0001 as compared to control condition.

exposure was noted (Fig. 2F). None of the other concentrations of Fe304@Au nanoparticles tested altered the mitochondrial metabolic
activity or cell viability. According to these results, concentrations of 50 and 100 pg/mL of Fe3O04@Au nanoparticles were thus selected
to investigate the effect of nanoparticles effect coupled to irradiation.

3.3. Uptake of FesO4@Au nanoparticles by A549 cells

Next, the ability of nanoparticles to cross the membrane and accumulate in cells was evaluated. The Prussian blue staining was
performed after 2 and 24h of exposure to 50 and 100 pg/mL nanoparticles and followed by multiple washes to eliminate excess
nanoparticles. As shown in Fig. 3 obtained by optical microscopy, the blue staining demonstrated an intracellular accumulation of
nanoparticles compared to the control condition. After 2h of exposure to 50 pg/mL (Fig. 3B) or 100 pg/mL nanoparticles (Fig. 3C), an
increased blue staining compared to the control condition (Fig. 3A) was noted, as well as after 24h of exposure to 50 pg/mL (Fig. 3E)
and 100 pg/mL nanoparticles (Fig. 3F) compared to corresponding control (Fig. 3D). Interestingly, the cellular uptake of nanoparticles
increased with the nanoparticle concentrations.
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Fig. 3. Detection of intracellular Fe;0,@Au nanoparticle levels (NP) on A549 Dual cells. The uptake was assessed by Prussian blue staining. (A)
Control condition, (B) 50 pg/mL Fe;0,@Au nanoparticles condition, and (C) 100 pg/mL Fe304,@Au nanoparticles condition were evaluated after 2h
of exposure. (D) The control condition, (E) 50 pg/mL Fe304@Au nanoparticles condition, and (F) 100 pg/mL Fe;04@Au nanoparticles condition
were also tested after 24h of exposure. Blue staining indicates intracellular uptake of Fe304@Au nanoparticles.

3.4. Effect of FesO4@Au nanoparticles combined with irradiation on A549 cell viability

In a new set of experiments, the effect of Fe304@Au nanoparticles combined with or without irradiation was evaluated on cellular
viability. As shown in Fig. 4, no significant effect was noted on the mitochondrial metabolic activity of A549 Dual cells non-irradiated
and exposed to 50 or 100 pg/mL Fe3O4@Au nanoparticles for 24h (Fig. 4A), 48h (Fig. 4B) or 72h (Fig. 4C) as previously shown for
Fig. 2. Interestingly, with irradiation alone, the mitochondrial metabolic activity was significantly decreased at 48h and 72h (but not at
24h) compared to non-irradiated control conditions. Moreover, when both treatments were applied, our results indicated no poten-
tiation of irradiation by nanoparticles, whatever the nanoparticle concentrations used.

Concerning cell counting results, no modulation of the viability of non-irradiated cells after 24h (Fig. 4D), 48h (Fig. 4E), and 72h
(Fig. 4F) of exposure to both studied nanoparticle concentrations was detected. As demonstrated by mitochondrial metabolic activity
results, after 24 and 48h of exposure to nanoparticles combined with irradiation, the viability of irradiated cells was affected compared
to non-irradiated control. Still, potentiation of irradiation by nanoparticles was observed. However, 72h post-irradiation, results
showed a significant decrease in the cell count of irradiated cells compared to the non-irradiated control condition and a reduction of
cellular viability of irradiated cells exposed to nanoparticles compared to the irradiated control condition. Consistent with these re-
sults, all subsequent experiments were performed at 72h post-6 Gy irradiation.

3.5. Effect of FesO4@Au nanoparticles combined with irradiation on the proliferative capacity of A549 cells

The survival fractions after irradiation were measured to determine the effect of Fe304@Au nanoparticles combined with irradi-
ation and the dose effect of irradiation on the survival of A549 Dual cells (Fig. 5).

The survival fractions decreased with increasing doses of irradiation. At 2 Gy irradiation, no difference in survival fractions with or
without Fe304@Au nanoparticles were observed. At 4 Gy irradiation, a significant decrease in cell survival of A549 Dual cells incu-
bated with 50 and 100 pg/mL of Fe3O4@Au nanoparticles compared to control conditions without nanoparticles was noticed. At 6 and
8 Gy irradiation doses, a decrease in survival fraction was also noted, but only for 100 pg/mL nanoparticles at 6 Gy irradiation.
Importantly, no difference was observed between the MID of cells exposed to nanoparticles and control cells without nanoparticles
(Table 3). However, only 100 pg/mL nanoparticles significantly potentiated the irradiation at specific doses of 4, 6, and 8 Gy.

Next, the DEF obtained from the cell survival curves was used to determine the effects of Fe304@Au nanoparticles as a dose
enhancer on the A549 cell line (Table 4). A549 cells exhibited a DEF(gg) of 1.16 in the presence of nanoparticles. Interestingly, 50 and
100 pg/mL nanoparticles enhanced by about 16 % the radiobiological effects of IR on cells. According to the aforementioned results,
100 pg/mL FesO4@Au nanoparticle concentration was selected for the following experiments.

3.6. Effect of FesO4@Au nanoparticles combined with irradiation on A549 cells apoptosis, necrosis, and double-strand DNA breaks

To evaluate the gene expression as well as the activity of apoptosis and necrosis markers 72h post-irradiation, the expression of
mRNA of caspase-3 (Fig. 6A), the biological activity of caspase-3/7 (Fig. 6B) and LDH release (Fig. 6C) were measured.

Results at 72h showed that the expression of caspase-3 mRNA was upregulated by irradiation but not by nanoparticle when used
alone compared to untreated control. Moreover, nanoparticles combined with irradiation significantly further upregulated caspase-3
gene expression in cells. The same results were observed concerning caspase-3/7 activity and LDH levels, which were significantly
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Fig. 4. Effect of different concentrations of Fe304@Au nanoparticles (NP) combined with 6 Gy irradiation on A549 Dual cell viability at different
times of exposure. (A) Mitochondrial metabolic activity of non-irradiated (NIR) and irradiated (IR) cells was performed by MTT assay 24h, (B) 48h,
and (C) 72h post-irradiation. (D) Cell counting on IR and NIR cells was assessed by trypan blue exclusion method 24h, (E) 48h, or (F) 72h post-
irradiation. Data indicated as mean + SEM of three independent experiments. **: p < 0.01; ***: p < 0.001 and ****: p < 0.0001 as compared
to non-irradiated control condition. #: p < 0.05 as compared to the irradiated control condition.
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Fig. 5. Effect of Fe30,4@Au nanoparticles (NP) at 50 and 100 pg/mL on the proliferative capacity of A549 Dual cells irradiated at different irra-
diation doses. The survival fraction was obtained by cell counting after 7 cell-division cycles post-irradiation. Data indicated as mean + SEM of three
independent experiments. *: p < 0.05 and **: p < 0.01 as compared to the control condition at the same irradiation dose as nanoparticle conditions.
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Table 3
Determination of survival fraction and mean inactivation dose in the presence of nanoparticles and treated by 6 MV photon beam irradiation.
Dose (Gy) Control 50 pg/mL NP 100 pg/mL NP
Survival fraction 0 1.00 + 0.069 1.00 + 0.110 1.00 + 0.030
2 0.853 + 0.018 0.833 + 0.027 0.883 + 0.031
4 0.278 + 0.025 0.187 + 0.030** 0.195 + 0.019%*
6 0.052 + 0.011 0.039 + 0.014 0.022 + 0.001**
8 0.008 + 0.002 0.003 + 0.001* 0.002 + 0.000*
MID - 3.37 £ 0.10 3.12£0.13 3.20 £ 0.07

MID: Mean inactivated dose; NP: Nanoparticles.

Survival fraction and MID were obtained from the survival curve of cells exposed or not to 50 or 100 pg/mL nanoparticles and cells irradiated at
different irradiation doses. Data indicated as mean + SEM of three independent experiments. *: p < 0.05 and **: p < 0.01 as compared to the control
condition at the same irradiation dose as nanoparticle conditions.

Table 4
Dose enhancement factor for Fe;04@Au nanoparticles.
Control 50 pg/mL NP 100 pg/mL NP
DEF(s50) 1.00 + 0.02 1.07 + 0.02 1.07 £ 0.03
DEF(g0) 1.00 + 0.04 1.16 + 0.04* 1.16 + 0.03*

DEF: Dose enhancement factor; NP: Nanoparticles.

DEF values were obtained from the survival curve of cells exposed or not to 50 or 100 pg/mL nanoparticles and calculated for 50
and 80 % of cell death. Data indicated as mean + SEM of three independent experiments. *: p < 0.05 as compared to the DEF of
the control condition.

elevated on cells exposed to 100 pg/mL of FesO4@Au nanoparticles coupled to 6 Gy irradiation. Nanoparticles potentiated irradiation
deleterious effect, leading to cell death by apoptosis. Irradiation may also cause single and double-strand DNA breaks, promoting
cancerous cell death. To observe if Fe304@Au nanoparticles combined with irradiation could increase the level of DNA breaks in cells,
immunostaining a DNA damage marker, namely phosphorylated Gamma H2A X histone, was performed [35]. Results also reported
that control and Fe304@Au nanoparticles alone did not induce double-strand DNA breaks in cells (Fig. 6D). However, after the
irradiation, an increase in the level of DNA damage in the cells was observed. Etoposide was used herein as the positive control.
Interestingly, Fes04@Au nanoparticles combined with irradiation induced a modest level of double-strand DNA breaks compared to
irradiation alone.

3.7. Effect of FesO4@Au nanoparticles combined with irradiation at 2 or 6 Gy on ROS production by A549 dual cells

To explore the effect of Fe304@Au nanoparticles combined with irradiation and the dose effect of irradiation on the redox status of
A549 Dual cells, intracellular ROS levels were measured using a DCFH-DA probe. Interestingly, data demonstrated that irradiation at 2
Gy (Fig. 7A) or 6 Gy (Fig. 7B) significantly increased the intracellular ROS level compared to the non-irradiated control condition. The
ROS production was significantly elevated after incubation with 100 pg/mL Fe3O4@Au nanoparticles without irradiation, and
nanoparticles-induced ROS production was potentiated after 2 or 6 Gy irradiation. Concerning the dose-effect of irradiation on ROS
production, a dose-effect of irradiation on redox status with a significant elevation of ROS production was noted after a 6 Gy irradiation
compared to cells exposed to 2 Gy irradiation (Fig. 7C).

3.8. Effect of FesO4@Au nanoparticles combined with 6 Gy irradiation on the expression of genes encoding redox markers on A549 cells

Then, the expression of genes encoding ROS-producing enzymes, namely, NADPH oxidase 2 (Nox2) and 4 (Nox4), was evaluated.
Results demonstrated that FesO4@Au nanoparticles did not modulate the expression of genes encoding Nox2 (Fig. 8A) and Nox4
(Fig. 8B) without irradiation. Interestingly, 6 Gy irradiation promoted upregulation of the expression of genes encoding Nox2 and
Nox4 compared to the non-irradiated control condition. Moreover, concerning Nox2 gene expression, data showed that 100 pg/mL
Fe304@Au nanoparticles significantly potentiated the upregulation induced by 6 Gy irradiation on A549. Then, the expression of genes
encoding major enzymes of the antioxidant defense system was evaluated. Results demonstrated that without irradiation, nano-
particles did not regulate the expression of genes encoding SOD1 (Fig. 8C), SOD2 (Fig. 8D), catalase (Fig. 8E), GPx (Fig. 8F) and the
redox-dependent transcription factor Nrf2 (Fig. 8G). However, after irradiation, a significant upregulation of genes encoding all en-
zymes of the antioxidant defense system and the redox transcription factor Nrf2 compared to the non-irradiated control condition was
observed. Notably, except for GPx, Fe304@Au nanoparticles significantly potentiated the upregulation induced by 6 Gy irradiation on
cells with an increase in mean gene expressions of antioxidant markers of cells exposed to nanoparticles and irradiated.
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Fig. 6. Effect of Fe304@Au nanoparticles (NP) combined with 6 Gy irradiation on A549 Dual cell viability, 72h post-irradiation and on DNA double-
strand breaks, 0.5h post-irradiation. (A) The mean expression of gene encoding caspase 3 was obtained by RT-qPCR on non-irradiated (NIR) and
irradiated (IR) cells. (B) Caspase 3/7 activity of NIR and IR cells was performed by Caspase-Glo assay 72h post-irradiation. (C) LDH release of NIR
and IR cells was performed by LDH assay 72h post-irradiation. (D) The level of DNA damage was measured by immunolabeling phosphorylated
gamma H2A.X histone of NIR and IR cells 0.5h post-irradiation. Data indicated as mean + SEM of three independent experiments. *: p < 0.05; **: p

< 0.01; ***: p < 0.001 and ****: p < 0.0001 as compared to non-irradiated control condition. ##: p < 0.01; ###: p < 0.001 as compared to
irradiated control condition. The immunostaining was analyzed by fluorescence microscopy.

3.9. Effect of Fe304@Au nanoparticles combined with 6 Gy irradiation on gene expression and production of pro-inflammatory markers on
A549 cells

The immune system plays a critical role in controlling the establishment and spread of cancer. Then, the effect of Fe304@Au
nanoparticles combined with 6 Gy irradiation on the cell pro-inflammatory response was explored, and firstly, the expression of genes
coding for major pro-inflammatory cytokines and chemokines.

As shown in Fig. 8, irradiation of cells exposed or not to nanoparticles induced a significant upregulation of genes encoding IL-6
(Fig. 9A), CXCL8 (Fig. 9B), CCL2 (Fig. 9C) and CCL5 (Fig. 9D). Of note, only the expression of the gene coding for CCL2 was down-
regulated by the exposition to nanoparticles without irradiation, whereas nanoparticles modulated no other gene expressions without
irradiation. No potentiation of irradiation by nanoparticles for IL-6, CCL2, and CCL5 gene expressions was reported. Interestingly, the
expression of the gene encoding CXCL8 was significantly upregulated on cells exposed to nanoparticles and irradiated compared to the
irradiated control condition.

Secondly, the protein levels of pro-inflammatory cytokines and chemokines, namely, TNF-a, IL-1f, IL-6, CXCL8, CCL2, and CCL5,
were quantified in the cells incubated or not with 100 pg/mL Fe3O4@Au nanoparticles and irradiated. The Fe3O4@Au nanoparticles
without irradiation did not induce modulation of TNF-a (Fig. 9E), IL-1p (Fig. 9F), IL-6 (Fig. 9G), CXCL8 (Fig. 9H), CCL2 (Fig. 9I) and
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Fig. 7. Effect of Fe304,@Au nanoparticles (NP) combined with 2 or 6 Gy irradiation on ROS production by A549 Dual cells. (A) ROS production of
non-irradiated (NIR) or irradiated (IR) cells at 2 Gy irradiation dose or (B) at 6 Gy irradiation dose and (C) the effect of Fe304@Au nanoparticles on
the ROS levels after 0, 2, or 6 Gy irradiation were determined. The ROS production was measured using a DCFH-DA probe. Data are shown as mean
+ SEM of three independent experiments. ***: p < 0.001 and ****: p < 0.0001 as compared to non-irradiated control condition. ####: p < 0.0001
as compared to the irradiated control condition. $$$: p < 0.001 and $$$%$: p < 0.0001 as compared to the AUC of the non-irradiated curve and yyy:
p < 0.001 as compared to the AUC of the 6 Gy irradiation curve.

CCL5 (Fig. 9J) secretion compared to non-irradiated control condition 72h post-irradiation. Furthermore, irradiation significantly
elevated cytokine and chemokine releases compared to non-irradiated control conditions with or without nanoparticles. However,
results reported an increase in the cytokines and chemokines secreted, except for CCL2, in cells exposed to nanoparticles combined
with irradiation compared to the irradiated control condition.

4. Discussion

Cancer represents a leading cause of death worldwide and always challenges medical research to find new effective approaches to
improve the prevention, diagnosis, monitoring, and treatment of all cancer types. Thus, cancer drives an expansion of related research
and biomedical progress. With a predicted compound annual growth rate of 17 % for solid cancers and 10 % for hematological cancers
between 2023 and 2027, the global spending on cancer medicines could reach US$375 Billion by 2027 [2,36].

Nanomedicine, and particularly theragnostic nanomaterials, developed for cancer treatment in more than 50 % of cases, offer
promising outlooks for their radiosensitizing properties or as vehicles for therapeutic agents [36-38].

However, nanoparticles also present disadvantages, such as instability, toxicity, lack of biocompatibility, poor targeting specificity,
production cost, and related environmental and health issues to their production, which limit their acceptability, creating a gap be-
tween theoretical predictions and commercial viability [39]. Otherwise, the global market size of metallic nanoparticles was USD 2.4
billion in 2021 [40].

Thus, one of the challenges concerning nanotechnology, such as nanoparticles, is the interactions with cells and tissues. These
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Fig. 8. Effect of Fe304@Au nanoparticles (NP) combined with 6 Gy irradiation on expression of genes encoding redox markers of A549 Dual cells,
72h post-irradiation. The mean expression of genes coding for redox markers was obtained by RT-qPCR on non-irradiated (NIR) and irradiated (IR)
cells. Expression of genes encoding (A) Nox 2, (B) Nox 4, (C) SOD1, (D) SOD2, (E) catalase, (F) GPx, and (G) Nrf2 were determined 72h post-6 Gy
irradiation. All data were normalized by cell counting. Data expressed as mean + SEM of three independent experiments. *: p < 0.05; **: p < 0.01;
**k: p < 0.001; ****: p < 0.0001 as compared to non-irradiated control condition. #: p < 0.05; ##: p < 0.01 as compared to irradiated con-
trol condition.

interactions can modify the biological properties of nanoparticles, decrease their stability, alter their biocompatibility leading to
render them ineffective for regulating the proliferation of cancer cells or induce unintended harm [30]. The shape, size, composition
(core and coating), ligands, and nanoparticle charge are crucial for NPs-associated toxicity [24,36,41]. Moreover, the synthetic process
chosen for nanoparticles is crucial due to the cost and environmental concerns around nanomaterials production.

In this article, the ability of a new type of nanoparticle, a hybrid core-shell magnetite coated with gold: Fes04@Au, to potentiate the
deleterious effect of ionizing radiation on an in vitro model of lung cancer cells was evaluated by focusing on the oxidative stress and
pro-inflammatory response of cells leading to cell death. The nanoparticles studied were produced following principles of green
synthesis using the sonochemistry method [31].

The sonochemistry is used as a green method for nanoparticle preparation. It notably involves using fewer toxic compounds and
environmentally safe solvents while improving reaction conditions and selectivity. Indeed, it has been demonstrated on core—shell
Fe304@Si0; that sonochemistry permitted an increased magnetization value and a decrease in magnetite oxidation owing to the high
speed of sonochemical coating [31].

Fe304 NPs have been extensively studied among metallic nanoparticles exhibiting therapeutic effects due to their biocompatibility,
stability, prolonged in vivo circulation time, or high self-metabolism [42]. However, Fe304 NPs also show toxic effects on cells by
necrosis and apoptosis processes [24]. It has been demonstrated that Fe304 NPs exhibited strong susceptibility to acid and oxidation
degradation associated with a high degree of agglomeration, as observed in Table 2. This agglomeration is due to their strong magnetic
attractions and van der Waals interactions between particles [3,43].

The interest in using hybrid nanoparticles is that coating organic/inorganic compounds with noble metals enhances stability,
biocompatibility and toxicity [44,45]. The core-shell Fe3O4@Au NPs have unique physicochemical properties. The super-
paramagnetism is provided by Fe3O4 particles and the gold shell provides superior optical properties, decreases toxicity and improves
biocompatibility, stability, catalytic activity, and surface functionality [26,27,46]. The size of core-shell Fe304@Au nanoparticles is
illustrated in Fig. 1 and reported in Table 2, as well as the anti-aggregation role of the gold coating that is known to improve the
functionality and stability of nanoparticles and limit Fe3O4-induced apoptosis [47].

First, the cellular uptake of studied hybrid nanoparticles was demonstrated in Fig. 3 of the present work. Literature data reported a
time-dependent intracellular uptake of FesO4@Au NPs on a breast cancer cell line as well as the role of lysosomes mediated by cla-
thrins, in the endocytosis process [48,49]. Our study noted a cytotoxic concentration of 200 pg/mL Fe304@Au NPs (Fig. 2). AuNPs and
Fe3O4NPs are biologically non-inert and could promote cell death in a concentration and time-dependent manner on lung carcinoma
and breast cancer cells [50,51]. The involved mechanisms are apoptosis, necrosis, autophagy, or a loss of redox homeostasis, leading to
apoptosis and necrosis [51,52].

12



Y. Slama et al. Heliyon 10 (2024) 29297

A 72h post-irradiation B 72h post-irradiation C 72h post-irradiation D 72h post-irradiation
0.00004 0.10 0.006 0.04
< < i = < -
S « S S S 003
@ 0.00003 8 008 i ! & o002 T
SR g £ & § 0.004 £2 A
58 2 s & S 001
3 % S X006 Q 5 £ 200
= 2 0.00002 - P =0 = 3 0.0010
g0 b ~NT w T ns
] € 0.04 3% ‘3 3 0.0008
a N Qa0 ox oN
EE] 53 g 0 5 0.002 O 5 0.0006
£/ 0:00001 £ 0.02 E . E 0.0004
2 2 2 2 0.0002
0.00000 0.00 0.000 0.0000
g 2 ¢ = g & g & g & 8 & £ £ 2 &
s E 6 % 5 § 6 E S § 6 E 5 § & ®
o £ o § 6o £ o £ 6 £ o £ 6 £ o £
2 2 2 2 2 2 2 2
o o o s o o o o
8 8 5 8 8 8 8 8
I E— | [ Ry E—| [ R R | [ R |
NIR IR NIR IR NIR IR NIR IR
E 72h post-irradiation F 72h post-irradiation G 72h post-irradiation
4000 w

3000 okx
2000

1000

TNF-a secretion
(pg/mL)
IL-1B secretion
(pg/mL)
IL-6 secretion
(pg/mL)

T & @ & & s g &
= - c =) = =) c )
S E S E E E S E
- ) = K] K 5 = )
2 2 2 2 2
3 3 2 2 3
e 2 e e 2
L ] L J L J L ] L ] L J
NIR IR NIR IR NIR IR
H 72h post-irradiation I 72h post-irradiation J 72h post-irradiation
15000 " 8000 15000 _—
H 5 5
@ — 10000 8= S ~ 10000 it
o 29 29
g E SE SE
o ” o » o ok
=8 P ~ g we
O~ 5000 a a 5000
5 1} o
)
0 0
g £ = & g & s s g g
§ 2§ ¢ 5z z : 5 2
" ) 2 5 ® K] K ) » )
2 2 2 2 2 2
° ° ° ° ° °
= e € e e 2
L 1L ) 1 1L ) L 1L )
NIR IR NIR IR NIR IR

Fig. 9. Effect of Fe304@Au nanoparticles (NP) combined with 6 Gy irradiation on expression of genes encoding pro-inflammatory markers of A549
Dual cells, 72h post-irradiation. Mean expression of genes coding for pro-inflammatory markers was obtained by RT-qPCR on non-irradiated (NIR)
and irradiated (IR) cells. Expression of genes encoding (A) IL-6, (B) CXCL8, (C) CCL2, and (D) CCL5 were determined 72h post-6 Gy irradiation. The
pro-inflammatory response was also quantified by measuring secreted levels of (E) TNF-a, (F) IL-16, (G) IL-6, (H) CXCLS8, (I) CCL2 and (J) CCL5 72h
post-irradiation by ELISA. All data were normalized by cell counting. Data indicated as mean + SEM of three independent experiments. *: p < 0.05;
**: p < 0.01; ***: p < 0.001 ****: p < 0.0001 as compared to non-irradiated control condition; ##: p < 0.01 as compared to irradiated con-
trol condition.

The potentiation of irradiation by hybrid nanoparticles was demonstrated on cell viability, according to Butterworth et al.,
particularly for megavolt irradiations [53]. Ionizing radiation used in radiotherapy interacts with high-atomic number atoms in the
nanoparticles and causes physical, chemical, and biological additional reactions that will increase tumor cell damage [32,54,55].
Fe304@Au nanoparticles potentiate ionizing radiation effects on cell proliferation and activation of apoptosis and necrosis (Figs. 4-6).
Multiple in vivo studies reported that metallic nanoparticles coupled to irradiation on tumor models induced an activation of caspase 3
and an inhibition of survival and proliferation signaling markers such as mitogen-activated protein kinase signaling pathways [56,57].
Most studies exposing the clinical potential of metallic nanoparticles in combination with radiotherapy explained that nanoparticles
act as radiosensitizers by causing a ROS elevation associated with a redox imbalance, leading to cell death depending on nanoparticle
size, shape, and surface charge [58-61]. Significantly, as shown in Figs. 7 and 8, Fe304@Au nanoparticles coupled with irradiation
promoted a redox imbalance in a radiation dose-dependent manner. Fe3O4 nanoparticles can catalyze the generation of free radicals by
the Fenton and Haber-Weiss reactions and lead to hydroxyl radical generation [21,62]. Ionizing radiation interacts with high-atomic
number atoms in the nanoparticles, generating secondary photoelectrons or Auger electrons, which promote the production of ROS
[63,64].

In the present work, FesO4@Au nanoparticles did not induce an elevation of double-strand DNA breaks coupled or not to irradi-
ation (Fig. 6). However, Fe304@Au nanoparticles exhibit high-Z atoms and interact with ionizing radiation, leading to amplify the
energy deposited in tumor tissues, and cells and to promote increased tumor cell death through an indirect mechanism involving
oxidative stress and pro-inflammatory response [18,51,65]. The modelization of cell response helping to predict the deleterious effect
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of nanoparticles coupled with irradiation on cells was always “underrated” because of the biological response and the redox signaling
pathways constitutively activated after irradiation [53].

Interestingly, the present study reported an important dysregulation of redox markers associated with a pro-inflammatory response
on cells incubated with nanoparticles before being irradiated (Figs. 8 and 9). However, not all the markers were dysregulated, sug-
gesting that irradiation coupled with nanoparticles activates preferential signaling pathways. Radiotherapy caused a pro-inflammatory
state through an important secretion of cytokines and chemokines to activate the immune system and recruit immune cells into the
tumor microenvironment [65,66]. In the present study, the pro-inflammatory response could also be relative to necrosis and apoptosis
activations induced by high-dose radiotherapy and potentiated by nanoparticles. These nanoparticles give a supplementary synergic
effect to the tumoricidal effect of irradiation.

For this beam energy, the main interactions are Compton scattering and pair production. For materials with a high Z, such as iron
(Z = 26), it has been shown that the predominant interaction at 6 MV is Compton scattering [67,68]. Also, as shown in Table 4, the
significant increase in the DEF(gg) demonstrated an interest in continuing the investigations on this new type of nanoparticles. A
potentiation of 16 % would significantly reduce the side effects of radiotherapy treatment and provide a better control of the disease.

Metallic nanoparticles, in combination with radiotherapy, have displayed promising potential. However, it appears crucial to
identify an optimal care protocol where nanoparticles could be provided a benefit. The radiation potentiated by metallic nanoparticles
such as Fe3O04@Au nanoparticles could be considered in inoperable, localized, and non-metastatic tumors. Indeed, radiotherapy
protocols adjuvant to chemotherapy are already robust for metastatic tumors. On the other hand, in cases of single radiotherapy
treatment, using a radiosensitizer could improve the clinical results.

To conclude, the present study showed that Fe304@Au nanoparticles synthesized by a green method, namely sonochemical
approach, have been internalized in carcinoma lung cells. Moreover, the potential of Fe304@Au nanoparticles to enhance the
radiosensitivity of lung carcinoma epithelial cells through a significant dysregulation of redox and inflammatory status, causing the
alteration of the proliferative capacity of cancerous cells, apoptosis, and necrosis, has been demonstrated (Fig. 10). This hybrid
nanoparticle of a magnetite core embedded in a gold shell exhibits radiosensitizing effects and could be combined with radiotherapy
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Fig. 10. Overview of the mechanisms induced by Fe304@Au nanoparticles coupled to irradiation in tumor cells. The irradiation causes oxidative
stress on the lung carcinoma epithelial cells by increasing ROS levels, up-regulating ROS-producing enzyme gene expressions, and over-activating
the antioxidant defense system. Importantly, once internalized within cell cytosol, Fe304@Au nanoparticles act as radiosensitizers by potentiating
the deleterious effect of a 6 Gy irradiation dose. Fe30,@Au nanoparticles combined with irradiation increase ROS levels, the gene expression of
redox markers such as Nox2, antioxidant enzymes namely SOD1, SOD2, catalase, and the redox-dependent transcription factor Nrf2. On the other
hand, the loss of redox homeostasis induced by irradiation leads to a pro-inflammatory response. This pro-inflammatory response is potentiated by
the nanoparticles coupled with irradiation, promoting an overproduction of cytokines and chemokines, namely TNF-a, IL-1p, IL-6, CXCL8, and
CCLS5. Finally, these dysregulations alter cellular proliferation and amplify apoptosis and necrosis of tumor cells exposed to Fe304@Au nanoparticles
combined with irradiation.
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against radioresistant cancer. Importantly, architecting core-shell nanosystems considerably helps improve the stability and
biocompatibility of nanoparticles. For metal nanoparticles evaluated in this work, the Fe3O4 core associated with gold shell confers to
these hybrid nanoparticles’ radiosensitizing potential and their ability to be internalized, their retention in cells, and all the biological
effects leading to tumor cell death.

The present work was a preliminary study to characterize new core-shell nanoparticles and evaluate their biological impact on
tumor cells. To complete this work, it would be important to evaluate the effects of these nanoparticles on an animal model to
characterize their stability, in vivo toxicity, and interactions with tissues, cells, and cellular components. Moreover, determining the
optimal route/method of administration to target tumors efficiently is another challenge in nanomedicine.

As previously exposed, literature data reported promising results about the physicochemical properties of nanoparticles as po-
tential theragnostic agents in the fight against cancer. However, there is still a research gap between generated in vitro and in vivo
results and commercial requirements. It appears crucial to improve synthesis processes to fit with large-scale production while
considering environmental issues. The market size of cancer therapies continues to increase, and the large-scale production of
nanoparticles is still very expensive. On the other hand, researchers must strengthen the understanding of nanoparticle mechanisms
through in vitro and pre-clinical studies to correlate these data, completely highlight nanoparticle interest, and justify related costs.
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